Background Although morphometric hip parameters measured on radiographs are valuable tools guiding diagnosis and therapy in patients with hip disorders, some clinicians use MRI for such measurements, although it is unclear whether the parameters assessed on MRI differ from those assessed on radiographs. Questions/purposes We asked whether the lateral centeredge angle (LCE), Tönnis angle, extrusion index, and anterior center-edge angle (ACE) are similar on MRI and radiography. Methods We retrospectively reviewed the imaging data of 103 hips from 103 patients: 46 with femoroacetabular impingement and 57 with hip dysplasia. We manually measured the LCE, Tönnis angle, extrusion index, and ACE from radiographs and MRI in all 103 hips. Four straight coronal (Ant-10 mm, Ant-5 mm, Center, and Post-5 mm), three straight sagittal (S-Med-5 mm, S-Center, S-Lat-5 mm), and three 258 oblique sagittal (OS-Med-5 mm, OS-Center, OS-Lat-5 mm) reformats were reconstructed from a three-dimensional isotropic morphologic MRI sequence. MRI measurements were compared against the gold standard radiographic measurements. Results We found good agreement for the LCE angle, Tönnis angle, and extrusion index between radiographic and coronal slice MRI measurements. The mean differences between radiographic and MRI measurements were 58 or less or 5% or less (for the extrusion index) in all coronal MRI slices. However, the differences between ACE angles on sagittal MRI slices and radiographs ranged from 5°to 288. Conclusions LCE, Tönnis angle, and extrusion index can be measured on MRI with comparable results to radiography. The ACE angle on radiographs cannot be estimated reliably from MRI. Clinical Relevance MRI provides similar morphometric measurements as radiography for most hip parameters, except for the ACE angle.
Introduction
Developmental dysplasia of the hip (DDH) and femoroacetabular impingement (FAI) are common sources of hip pain and disability [14] . FAI is defined as the abutment between the proximal femur and the acetabular rim, either as a result of reduced femoral head-neck offset (cam type) or acetabular (pincer type) overcoverage or both [14, 15] . Ganz et al. [14] and others [19] have emphasized the importance of detection of such anatomic abnormalities of the hip, which may lead to pain and osteoarthritis (OA) in young adults [14, 19] . In most cases, a combination of cam and pincer forms is present called mixed-type impingement [3] .
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DDH is an anatomic deformity characterized by femoral undercoverage, in which the basic mechanical abnormality is instability [34] . The process of obtaining and interpreting radiographs in an accurate and reproducible fashion is important to the diagnosis, treatment, and study of adult hip disease [2] . Lateral acetabular deficiency is the most commonly recognized abnormality in acetabular dysplasia. An abnormal lateral center-edge angle (LCE) less than 208 on an AP pelvis radiograph is considered by some as diagnostic of acetabular dysplasia [9, 35] . However, anterior undercoverage also may be associated with clinical symptoms [17] and may be more sensitive than LCE. Anterior undercoverage may be determined with the anterior center-edge (ACE or vertical center anterior margin) angle on false-profile views [21] . Other commonly used measures for hip disorders are the Tönnis angle (also known as the acetabular index) [20] and the extrusion index [7] . The Tönnis angle is a measure for steepness of the acetabular roof and the extrusion index is a measure of femoral head coverage.
Although no LCE cutoff value is defined for FAI, a high LCE ([ 408) suggests overcoverage (pincer-type impingement) [9] . Similarly, a high ACE and low Tönnis angle are signs of pincer FAI. Kappe et al. [18] emphasized that there is a challenge to differentiate the clinical presentation of FAI and DDH. They concluded that radiographic studies are needed for differentiation of the two entities and for the decision regarding treatment strategy.
Current orthopaedic practice relies on various imaging modalities including plain radiographs, MRI, and CT, which are the main imaging modalities used to assess the anatomic deformity and to quantify the extent of joint damage. Standard measures of hip deformity usually are assessed on an AP pelvic radiograph. In cases of FAI, a plain AP pelvic radiograph is often inadequate in terms of assessing morphologic features of the femoral head-neck junction and early-stage OA [25] ; therefore, advanced imaging such as MRI or CT is obtained. If hip deformity measures could be assessed accurately on MRI and on a plain radiograph, it might be possible to simplify radiographic assessment. At this time, it is unknown whether standard morphometric parameters of the hip measured on MRI are comparable to measurements on radiographs.
We therefore compared morphometric measurements on radiographs and on corresponding MRI slices for: (1) LCE angle; (2) Tönnis angle; (3) extrusion index; (4) ACE angle; and (5) signs of acetabular retroversion with the acetabular version.
Materials and Methods
We performed a retrospective cross-sectional study. We identified 103 patients (103 hips) from a surgical database of patients undergoing joint preservation surgery for impingement or dysplasia who had MRI and radiographs performed between January 2007 and September 2010. The inclusion criteria were met if (1) clinical and radiographic signs of FAI (positive hip impingement sign and restriction of hip motion) or DDH had been documented by the senior author (Y-JK); and (2) there were isotropic MRI and radiographs in two planes (AP and false profile view). During the study period a total of 490 patients with FAI or DDH were eligible. FAI was diagnosed based on clinical examination findings (positive anterior impingement sign [22] ) in combination with radiographic features of cam (alpha angle C 558 on 458 Dunn or crosstable lateral view [10] ) or pincer impingement [23] . DDH was diagnosed in patients with a LCE angle of 258 or less or Tönnis angle greater than 158 on the AP pelvic radiographs. Patients with slipped capital femoral epiphysis, Legg-Calvé-Perthes disease, chromosomal disorders, neuromuscular diseases, or prior surgery were excluded. The total cohort of 103 patients consisted of 57 patients with DDH and 46 with FAI. In the case of bilateral hip disease, the hip on which surgery was performed first was included. The patients with DDH consisted of 52 females and five males with a mean age of 27 years (range, 13-54 years). From the FAI group, 23 were males and 23 were females. Their mean age was 27 years (range, 14-54 years). This was the maximum number of patients obtainable because this specific MRI protocol was in use for only this particular period. This retrospective study was approved by the institutional review board. Informed consent was waived.
AP pelvic views were obtained as described by Clohisy et al. [5] . False-profile radiographs were taken with the patient in the standing position at an angle of 65°between the pelvis and the film as described by Lequesne and de Séze [21] .
MR images were obtained with a 1.5-T system (Avanto; Siemens Healthcare, Erlangen, Germany) using a flexible eight-channel surface coil. The imaging protocol included a three-dimensional isotropic true-FISP (fast imaging with steady-state precession) sequence with a 160 mm 9 160-mm field of view, base resolution of 256, and voxel size of 0.63 mm 9 0.63 mm 9 0.63 mm. Repetition time was 12.57 ms and echo time was 5.48 ms. The acquisition time was 7 minutes 47 seconds.
The three-dimensional true-FISP data set was used for multiplanar reconstruction on a Leonardo workstation (Siemens Healthcare). Coronal, transversal, straight sagittal, and oblique sagittal reformats with a slice thickness of 0.63 mm were created. We obtained four coronal reformats, one for the center, one posterior (Post-5 mm), and two anterior (Ant-5 and Ant-10 mm) ( Fig. 1 ). Concerning the other reformats (in sagittal and oblique sagittal planes), we made three reformats, one from the center of the femoral head, one anterior (Ant-5 mm), and one more posterior (Post-5 mm).
To generate reformats of the oblique sagittal plane, we shifted the anterior sagittal plane by 258 in the lateral direction to get a plane comparable to the false-profile radiograph ( Fig. 1 ). For the transversal reformats, we took the bony roof of the acetabulum as the starting point (first 0.63-mm slice superiorly where the cartilage was visible). The reformats were taken accordingly 5, 10, and 15 mm inferior to the bony roof (Roof-5 mm, Roof-10 mm, and Roof-15 mm).
Two of us (DS and AH), who were not the treating surgeons, made all imaging measurements. We determined the LCE angle, Tönnis angle, and extrusion index on AP radiographs and the ACE angle on false-profile views using OsiriX Version 3.9 (Pixmeo, Geneva, Switzerland) and the OsiriX plug-in Orthopaedic Studio Version 1.2 (Carl Siversson, Department of Medical Radiation Physics, Lund University, Lund, Sweden; http://orthostudio.spectronic.se) manually using standard technique as previously described [19] . The same observers evaluated acetabular retroversion with use of the criteria proposed by Reynolds et al. [30] .
They defined a positive crossover sign as being present when the anterior aspect of the acetabular rim was more lateral than the posterior aspect in the proximal part of the acetabulum. Similarly, we evaluated the presence of the posterior wall sign, created by the outline of the posterior aspect of the acetabular rim passing medial to the center of the hip [30] . To avoid bias from abnormal pelvic tilt, only radiographs with a sacrococcygeal to pubic symphysis distance of 20 to 60 mm were included. We used the falseprofile view to assess the ACE angle to evaluate anterior coverage of the acetabulum [4, 8, 21] . Similar to the LCE angle, normal values are greater than 25°.
On each MRI plane, a best-fit circle was drawn based on the three points of the bony outline of the femoral head. Two points were chosen superiorly and a third point inferomedially (inferior to fovea). On the coronal reformats, we measured the LCE angle the same way as on the radiographs [35] . Because the contralateral femoral heads were not visible on the true-FISP reformats, the localizer sequence was used to correct for pelvic obliquity. Furthermore, we measured the Tönnis angle to evaluate the steepness of the acetabular roof and superolateral coverage of the femoral head [33] . We also measured the femoral head extrusion index, which is defined as the portion of the femoral head not covered by the acetabular roof divided by the diameter of the femoral head [7] . Coverage less than 75% indicates hip dysplasia [9, 26] . On the sagittal and oblique sagittal reformats, we measured the ACE angle, which is formed by the intersection of a vertical line through the center of the femoral head and a line extending through the center of the femoral head to the anterior sourcil [8] . This angle quantifies the anterior cover of the femoral head. Angles less than 20°are considered abnormal [1] . The acetabular anteversion angle was measured in the axial plane forming the angle between the line connecting the anterior and posterior acetabular margins and a straight AP line [32] . We performed angle measurements on the localizer MR sequences to correct for pelvic obliquity in the coronal and axial planes. No acetabular roof was detectable on eight MRI slices (lateral sagittal or lateral oblique sagittal slices) of three patients. Thus, no ACE angle measurement was possible in these patients.
Interobserver reproducibility of all MRI measurements was assessed by a second trained reader (AH) in a blinded random subset of 20 MRI data sets (10 DDH and 10 FAI). The intraclass correlation coefficient (ICC) was used to determine interobserver agreement. The interobserver agreement measured with the ICC for all angles and the extrusion index ranged from 0.87 to 0.96. The lowest agreement was for the Tönnis angle with an ICC of 0.87, whereas the highest were for the ACE angle measurements (ICC, 0.96; Table 1 ). Interobserver agreement for radiographic measurements was not assessed in our study but reported ICCs are in the range 0.76 to 0.80 [1] and the kappa value is approximately 0.60 [6] .
Descriptive results for the normally distributed data are given as the mean ± SD. Normality of the data was assessed from their respective histograms. The Pearson correlation coefficient was used to assess the degree of association between radiographic and MRI measurements. The mean values of radiographic and MRI measurements were compared using paired t-tests. The mean squared error (MSE) was used as a measure of relative precision of the MRI measurements (assumed to be the estimates) in comparison to the gold standard radiograph (assumed to be the truth). The following formula was used for this measure: MSE = 1/number of patients 9 (SUM[radiograph À MRI] 2 ). Because our patient groups of DDH and FAI represent a continuum of morphologic features, group effects were ignored in our evaluation. SPSS Version 19.0 (IBM, SPSS Inc, Chicago, IL, USA) was used for statistical analysis and graphic plotting.
Results
The MRI measurement on the most anterior slice (Ant-10 mm) was most similar to the radiographic LCE angle (13.88 versus 14.68, respectively; p = 0.27) with the smallest difference ( Fig. 2 ). All other coronal slices (Ant-5 mm, Center, and Post-5 mm) showed higher mean LCE angles on MRI than on radiographs (+1.28, +2.28, and +1.58, respectively; all p \ 0.05) ( Table 2 ). The MSE between radiographs and MRI was in the range of 0.33 to 0.53, which indicates good agreement ( Table 3 ). As expected, in the DDH hips the Ant-10 mm slice showed less coverage indicating anterior deficiency typical of DDH (Fig. 3) . The correlation coefficient, r, between radiographic and MRI LCE was 0.90 for Ant +10 mm, 0.92 for Ant-5 mm, 0.90 for Center, and 0.89 for Post-5 mm (all p \ 0.001). In addition, the mean Tönnis angle was most similar on the Ant-10 mm MRI slice compared with the AP radiograph (14.68 versus 14.28; p = 0.58; Table 4 ; Fig. 2 ). The other coronal MRI slices (Ant-5 mm, Center, and Post-5 mm) showed lower Tönnis angles than on radiographs: À2.58, À4.18, and À4.28, respectively (all p \ 0.001) (Fig. 4 ). The MSE was in the range of 0.41 to 0.49 ( Table 3 ). The correlations between radiographic and MRI Tönnis angle were 0.85, 0.84, 0.86, and 0.85 (anterior to posterior), respectively (all p \ 0.001).
The mean MRI extrusion index was similar to that of the radiographs in all slices (p = 0.10 to 0.66) except for the center slice (p = 0.03; Fig. 5 ). The extrusion index showed MSE values of 0.38 to 0.87 ( Table 3 ). The correlation between radiographic and MRI extrusion indexes was 0.76 (Ant-10 mm), 0.89 (Ant-5 mm), 0.88 (Center), and 0.84 (Post-5 mm), respectively.
The ACE angle on false-profile view radiographs was compared with straight sagittal and 258 oblique sagittal MRI slices (Fig. 2) . The straight sagittal MRI slices showed higher mean ACE values (47.58, 47.18, and 44.08, medial to lateral) than the radiographs (19.98; all p \ 0.001) ( Table 2 ). The ACE angles on oblique sagittal MRI slices (40.28, 32.98, and 24.48, medial to lateral) were closer to the mean value of the radiographs (19.98); however, they still were higher (all p \ 0.001) (Fig. 6 ).
The MSE values ranged from 8.02 to 10.34 for the straight sagittal and 1.77 to 5.45 for the oblique sagittal MRI slices ( Table 3 ). The correlations of straight sagittal MRI ACE and radiographs were 0.47 to 0.65. The correlation with radiograph was higher on the oblique sagittal slices (0.75 to 0.76). Hips with a positive crossover sign had lower (all p \ 0.01) acetabular anteversion than those with a negative crossover sign on all three MRI slices: from superior to inferior: 3.48, 6.98, and 11.78 versus 7.88, 12.68, and 19.18. Similar results were obtained for the posterior wall sign.
When the posterior wall sign was positive, the acetabular anteversion was decreased (all p \ 0.05) on all three slices: 3.18, 7.18, and 12.08 versus 9.18, 12.08, and 18.28. These results also show an increase in acetabular anteversion from superior to inferior (Roof-5 mm to Roof-15 mm).
Discussion
Because MRI is being used more frequently to assess the hip, it could be advantageous to use MRI for morphometric assessment in patients with FAI and DDH. The measurement of established morphometric radiographic parameters on MRI could help to avoid the need for additional radiographs and thus reduce costs. We compared MRI and radiography for evaluation of standard morphometric parameters of the hip.
There are limitations to our study. First, in abnormally shaped femoral heads finding the best-fitting circle using the template method according to Mose [28] is sometimes difficult to determine. If a nonspherical head was present, the femoral head center was assumed to be the center of the circle drawn along the weightbearing surface. The same method was used on radiographs and MRI, thus we believe there was no bias in the results of our study. Second, there is limited validity of our results for hips with high-grade dysplasia since no bony acetabular roof was detectable on eight MRI slices of three patients. Third, we did not correct the MRI slices for the intrinsic radiographic projection error, which is a result of beam divergence when radiographs originate from a point-like source. This projection error is stronger in the lateral parts of an image and can be approximately 68 for the hip on an AP pelvic radiograph. This projection error on radiographs can be eliminated on MRI, thus supporting the use of MRI for morphometric assessment of the hip. Fourth, the radiographic measurement reproducibility data reported in the literature suggest only moderate to good reproducibility of measurements [1, 11, 27, 29, 32] , what may be a limitation to our study. Sixth, patient positioning on MRI and radiography also might affect our results. Seventh, our findings may be valid for only preoperative evaluation of patients because we excluded patients who had prior surgery. Either acetabular or femoral surgery might cause remodeling of the joint and lead to changes [10] and susceptibility artifacts caused by metallic particles in postoperative joints can affect MRI evaluation [2] . Because MRI is used primarily for preoperative evaluation this does not limit the use of MRI to assess morphometry in the majority of patients.
Our results indicate the LCE on the MRI slice Ant-10 mm (coronal slice 10 mm anterior of the center of the femoral head) is the best estimator of the radiographic LCE angle. All other coronal slices (Ant-5 mm, Center, and Post-5 mm) showed slightly higher mean LCE angles on MRI than on radiographs, but the mean differences were still in an acceptable range (+1.18 to +2. 18) . MSE values in the range of 0.33 to 0.53 suggest that MRI-based angles were in excellent agreement with the gold standard of radiographic measurements. These estimated differences were within or below the range of previously reported radiographic interobserver differences for the LCE angle [1, 11, 27, 29, 32] . This suggests MRI can be used to measure a radiograph-like LCE angle with sufficient precision.
Similarly, the excellent agreement between coronal MRI and radiographic angle measurements suggests MRI also may be used to estimate the Tönnis angle. When comparing our data with the radiographic interobserver data of Nelitz et al. [29] , we show higher agreement in the comparison of MRI with radiograph measurements. This supports the use of MRI measurements of the Tönnis angle.
In addition, the extrusion index on MRI shows good agreement with radiograph measurements. The mean difference determined in our study is lower than the radiograph interobserver and intraobserver variabilities reported by Nelitz et al. [29] . This suggests that MRI can be used for assessment of the extrusion index.
The ACE angle measurements on radiographs and MRI were different, with MRI measurements showing markedly higher angles on the sagittal (+248 to +288) and the oblique sagittal slices (+58 to +218). The only position that was closer to the radiographic measurement was the OS-Lat MRI slice, which had a mean difference of +5.18.
This raises the question of why the projecting structures on the false-profile radiograph are so different compared with the MRI slices. Sakai et al. [31] reported that although ACE angle in normal hips is close to the true anterior coverage on CT, the ACE angle does not indicate true anterior coverage in dysplastic hips. Although CT is the gold standard for bony assessment, MRI can be used to assess bony coverage as long as care is taken to discriminate between soft tissue structures like the labrum and bone. A crucial factor for the ACE measurement on radiographs is the choice of the anterior reference point [31] . We took the radiodense shadow of the most anterior portion of the sourcil as described in the first report of the ACE angle by Lequesne and de Seze [21] . However, Sakai et al. [31] reported that this point of measurement underestimates the true anterior coverage on CT. In our opinion the evaluation on the false-profile view has limitations. First, the anterior edge on the false-profile view is a point that is more difficult to define than the lateral edge on an AP view as a result of overlay projections of anatomic structures. This leads to some inaccuracy in measuring the ACE angle. Second, the exact rotation of the pelvis when taking the false-profile view is difficult to establish and may differ among radiographs. Rotation of the pelvis around the vertical axis, as a result of inaccuracies during radiograph registration, may result in inaccurate ACE angles in dysplastic hips [24] . We found a higher correlation of ACE angles on the oblique sagittal slices than on the straight sagittal slices in comparison to the findings on the radiographs. These results are consistent because the 258oblique sagittal MRI slices are closer to the radiographic projection plane on false-profile views. The radiographic ACE angle on false-profile views does not appear to reflect the true anterior coverage. This might be a result of low radiographic density of the true anterior rim. In addition, the acetabular anteversion on straight transversal MRI reformats was compared with signs of retroversion on AP radiographs. The acetabular opening is anteverted in the normal hip, but in some cases, a relative or absolute retroversion of the acetabulum can be found [30] . It is particularly important for the pathomechanics found in pincer-type FAI, in which anterolateral overcoverage leads to abutment of joint partners during flexion and internal rotation [13] . However, retroversion is common in patients with DDH [12, 30] . This retroversion may occur as a result of a hypoplastic posterior acetabular wall, a prominence of the anterior acetabular wall, or a rotational abnormality of the acetabulum, which also is associated with hip pain and osteoarthritis of the hip [30] . We found markedly lower acetabular anteversion (relative retroversion) in hips with a positive crossover sign and in hips with a positive posterior wall sign. We found a stepwise increase of acetabular anteversion from superior (Roof-5 mm) to inferior (Roof-15 mm), which is consistent with other studies [12, 16] . Because the superior transverse cuts are reportedly more sensitive for detection of retroversion [16] , we chose to use superior MRI slices only. Our observations suggest radiographic signs of retroversion give an approximate estimate of retroversion found on MRI, which is consistent with reported results [12, 16] .
As shown by our data the MRI slice selection may affect the results. The selection of MRI slice also depends on practical issues. In general the central coronal slice (the slice with the largest diameter of the femoral head) can be used, but small differences from radiographic measurement must be expected (Table 4 ). In cases where comparability of MRI and radiographic measurements is important, the Ant +10 mm slice should be used for morphometric measurements. In addition, the Ant +10 mm slice measurements are affected not only by lateral coverage, but also by anterior coverage.
Our data suggest MRI measurements of the LCE angle, Tönnis angle, and extrusion index reasonably agree with radiographic measurements and can be used to accurately quantify these parameters. However, the ACE angles measured on straight sagittal or 258 oblique sagittal MRI slices deviate from ACE angles from false-profile radiographs, and thus MRI measurements are not appropriate for quantifying these angles.
